of in vitro bioaccessibility assays to predict oral relative bioavailability (RBA) of multiple metals in contaminated soils requires validation using additional soil samples. In this study, 11 contaminated soils from mining/smelting areas were analyzed for As-, Cd-, and Pb-RBA using a mouse bioassay and metal bioaccessibility via the UBM gastric phase assay. Metal-RBA varied considerably among soils, with As-RBA (2.5-23%, mean 12%) being generally lower than Cd-and Pb-RBA (3.4-88 and 3.3-59%, mean 42 and 28%), due to higher proportions of As in the residual fractions. Metal-RBA generally decreased with increasing metal concentrations probably due to reduced labile metal fractions. In addition, strong negative correlations were observed between total Fe with As-, Cd-, and Pb-RBA (R 2 = 0.46-0.77), suggesting the role of Fe in controlling metal-RBA in soils.
Introduction
Incidental ingestion of contaminated soils is an important route for metal exposure in humans especially for children (Ruby and Lowney, 2012; von Lindern et al., 2016) . For refining metal exposure via soil ingestion, in vivo bioassays including swine and mouse models have been used to measure oral bioavailability of metals in soils, especially relative bioavailability (RBA) by comparing metal accumulation in the blood or tissues following administeration of soil and reference material (Juhasz et al., 2016; H.B. Li et al., 2016) . Compared to swine, mouse model is low in cost and easy to handle (Bradham et al., 2011 (Bradham et al., , 2018a . Recent studies showed agreement in As-and Pb-RBA values when measured using swine and mouse bioassays, so mouse bioassay has been recommended as a surrogate of swine bioassay (Li et al., 2016b; Bradham et al., 2018b) . Although much advance has been achieved in animal bioassays, it is still challenging to apply to large sample size due to time, cost, and ethical limitations.
To overcome limitations of in vivo bioassays, various in vitro assays have been developed based on in vivo bioavailability and in vitro bioaccessibility correlations (IVIVCs) (Juhasz et al., 2014a,b; Li et al., 2015a,b) . To judge whether an in vitro assay is a good surrogate of in vivo bioassay, 3 criteria have been suggested for IVIVCs, i.e., 1) correlation coefficient (R 2 co-contaminants. Unlike the UBM assay, other assays were validated individually against As-, Cd-, or Pb-RBA using different sets of contaminated soils, showing inconsistent RBA predication ability for different metals (Juhasz et al., 2009; Li et al., 2015a ; S.W. Li et al., 2016) . The UBM assay is physiologically-based, mimicking human mouth, gastric phase (GP) and intestinal phase (IP). (Wragg et al., 2011) . Compared to other assays, the UBM assay is most complicated in gastrointestinal fluid compositions. Since its development, its prediction ability for metal-RBA in soils has been assessed. For example, strong correlation between As bioaccessibility using the UBM assay and As-RBA based on swine bioassay in 12 contaminated soils (R 2 = 0.52-0.59) and 13 contaminated soils (R 2 = 0.70-0.74) were observed . In addition, Juhasz et al. (2014b) and Li et al. (2015b) demonstrated strong correlation in 10-12 contaminated soils for As using mouse bioassay (R 2 = 0.66-0.90). However, compared to As, little was tested regarding the ability of the UBM assay to predict Pb-and Cd-RBA in contaminated soils. Based on mouse bioassay, Li et al. (2015a) showed strong correlation for UBM-GP assay to predict Pb-RBA in 12 contaminated soils (R 2 = 0.67), but its ability to predict Cd-RBA was poor (R 2 = 0.12-0.30; S.W. Li et al., 2016) .
More importantly, the ability of the UBM assay to predict bioavailability of multiple metals was assessed only for 16 contaminated soils based on swine bioassays (Denys et al., 2012) . To improve the robustness of the UBM assay, its validation using additional co-contaminated soils is warranted. The additional data would add confidence for using the UBM assay in risk assessment of metal-contaminated sites. The purpose of this study was to assess the predictive capability of the UBM assay for estimating RBA of multiple metals in contaminated soils. Eleven contaminated soils collected from Pb/Zn ore mining/ smelting areas were measured for As-, Cd-, and Pb-RBA using a mouse bioassay and metal bioaccessibility using the UBM-GP assay. The correlations between metal RBA and bioaccessibility were established and compared to those established using data from existing studies. Based on soils pooled from all studies, a new linear regression models were developed. Our results would increase our confidence in using the UBM assay in risk assessment in multi-metal contaminated soils.
Materials and methods

Soil samples
Eleven soils impacted by Pb/Zn ore mining/smelting activities were collected from contaminated sites in Chenzhou and Hengyang cities, Hunan, China (Fig. S1 ). Soils were obtained at a depth of 0-20 cm with a stainless handle and plastic scoop. The soils were air-dried, homogenized, ground, and sieved through a 2-mm mesh sieve. Parts of the soils were further ground to 250 μm for bioavailability and bioaccessibility measurements. Soil pH values were measured at a 1:2.5 (w/v) ratio of soil to distilled water using a pH meter (Mettler Toledo, Greifensee, Switzerland). Total organic carbon (TOC) content was determined using an element analyzer (Elementar, Vario MACRO cube, Hanau, Germany) after removal of carbonate carbon with HCl, while particle size distribution was measured using a laser light scattering technique (Marlvern Mastersizer 2000F, Malvern Panalytical, UK) . Total concentrations of As, Cd, and Pb were determined using ICP-MS (Inductively Coupled Plasma Mass Spectrometry, NexION300X, PerkinElmer, U.S.) following digestion using the USEPA Method 3050B (USEPA, 2007) , while total Al, Mn, and Fe concentrations were determined using ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometer, Optima 7000DV, PerkinElmer, U.S.). Iron oxide in soils were extracted by oxalic acid and ammonium oxalate, while aluminum oxide were extracted by H 2 SO 4 and H 2 O 2 prior to measurements using ICP-OES (Juhasz et al., 2009 ). The soils were numbered S1-11 according to increasing As concentrations from 28 to 15,218 mg kg −1 (Table 1) .
Relative bioavailability assessment
A mouse model, with free diet consumption dosing and liver plus kidneys as the bioavailability endpoint, was developed to determine As-, Cd-, and Pb-RBA in contaminated soils (Li et al., 2017a,b) . Briefly, female Balb/c mice with 18-22 g body weight (bw) were housed in metabolic cages at conditions of 12/12 light/dark, 25°C, 50% relative humidity, with mouse basal feed and deionized water supplied ad libitum during a 7-d acclimation. Animal care and experimental protocol were compliant with the Guidelines of the Institutional Animal Care Committee of Nanjing University. Following the acclimation, mice were randomly assigned to metabolic cages with one in a cage and 3 mice as a group. Metal-RBA was determined by exposing the mice with feeds amended with soil and reference materials [NaH 2 AsO 4 , CdCl 2 , or Pb (Ac) 2 ] for 10 d. The soil-amended feed was prepared at a soil-to-feed mass ratio of 1:9, while references were amended into feeds at levels of 5, 50, and 150 mg kg −1 As, 1, 5, and 20 mg kg −1 Cd, or 10, 150, and 1500 mg kg −1 Pb, covering metal concentration range in soil-amended diets ( Table 2 ). In addition, 3 control mice receiving basal feed were also included to determine background accumulation of As, Cd, and Pb in mouse liver and kidneys. After 10-d exposure, liver and kidneys were collected and stored at -80°C prior to being freeze-dried and digested with HNO 3 -H 2 O 2 (USEPA, 2007). Dosing levels of As, Cd, and Pb were calculated from metal concentrations in soil-and reference-amended diets and the daily diet consumption rate ( Table 2 ). The average daily diet consumption rate was 3.17 g d , with insignificant differences among treatments. Prior to metal-RBA measurement for soils, linear dose-response curves of As, Cd, and Pb accumulation in mouse liver plus kidneys following oral administeration of NaH 2 AsO 4 , CdCl 2 , or Pb(Ac) 2 were established ( Fig. S2) , assuring the suitability of the mouse assay to measure metal-RBA in soils.
The RBA of As, Cd, and Pb in soils was calculated by comparing dose normalized As, Cd, and Pb concentrations in the liver plus kidneys following soil and corresponding reference exposure (Eq. ( 1) where, (liver + kidneys) soil and (liver + kidneys) reference are accumulation of As, Cd, or Pb in mouse liver plus kidneys (μg g −1 dry weight); dose soil and dose reference are As, Cd, or Pb dose levels from soil and reference administration (μg g −1 body weight d
).
Bioaccessibility assessment
In this study, gastric phase (GP) of the UBM assay was used to determine the bioaccessibility of As, Cd, and Pb in contaminated soils (Wragg et al., 2009) . Previous study showed the UBM-GP assay was able to predict RBA of multiple metals in co-contaminated soils (Denys et al., 2012) , but its abilities need further validation using additional soil samples. Briefly, 1.0 g of soil sample was added in 15 mL of saliva solution at a soil:solution ratio of 1:15 and shaken for 10 s at pH 6.5. Then, gastric solution was added into the extraction system to increase the soil:solution ratio to 1:37.5, with the pH being adjusted to 1.2 using HCl and maintained at 37°C,150 rpm for 1 h. During the extraction, solution pH was maintained at 1.2-1.5. At the end of extraction, supernatant was collected following centrifugation at 4500g for 15 min. Detailed components of the UBM saliva and gastric fluids can be found in Wragg et al. (2009 Wragg et al. ( , 2011 .
Arsenic, Cd, and Pb bioaccessibility in the soils was expressed as the ratio of soluble metals in simulated saliva-gastric solution to total metals in soils.
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where, in vitro metal is the soluble As, Cd, or Pb (mg kg
) extracted from soils by the UBM-GP assay and total metal is the total As, Cd, or Pb (mg kg −1 ) in soils.
Metal fractionation and quality assurance
To explain the variation in metal-RBA among soils and metals, the optimized Community Bureau of Reference (BCR) sequential extraction method was used to fractionate As, Cd, and Pb to the exchangeable and carbonate-associated (EC), Fe/Mn oxide-associated (FM), oxidizable fraction (OX), and residual fractions (RS) (Nemati et al., 2009) . The extracts were centrifuged at 3000 rpm for 10 min prior to analysis. The sum of EC, FM, and OX fractions is termed as non-residual fraction.
Quality assurance and quality control (QA/QC) were obtained using triplicates, reagent blanks, and standard reference materials (SRMs, GBW07412a, GSS-1, GSS-4, GSS-6, GSS-8) from National Research Center for Geoanalysis and National Research Center for Certified Reference Materials of China. Standard deviation of triplicate samples was within 5%, while the recoveries of As, Cd, and Pb in the SRMs were 85-95%.
Results and discussions
In this study, 11 soils contaminated with As, Cd, and Pb were used (Table 1) , respectively. The metal concentrations in the soils were highly correlated (Fig. S3) , suggesting that metals were from a common source, i.e., PbeZn ore mining/smelting activities in the study area. In addition, variation in soil properties was also observed. Soil pH values were 3.0-7.7 and TOC contents were 1.40-72.5 g kg . These soils also varied in texture, with total Fe, Al, and Mn being 29.1-183, 12.6-84.4, and 0.7-87.9 g kg , respectively.
As, Cd, and Pb relative bioavailability
In this study, As-, Cd-, and Pb-RBA in 11 soils were measured using a mouse bioassay (Fig. 1 ). Due to low Cd concentrations (0.31-0.41 mg kg −1 ), Cd-RBA was not measured for soils S3 and S4. When soils S3 and S4 were amended to mouse chow at 10%, the soilderived Cd concentrations in diets were 0.03-0.04 mg kg −1 , which were indistinguishable from baseline Cd concentration in mouse basal chow ( Table 2 ). The mouse basal chow contained 0.15-0.30 mg kg
As, Cd, and Pb. Values represent the mean and standard deviation of triplicate analyses. Generally, As-RBA in soils was low, being 2.5-23% and averaging 12%. Compared to As, Cd-and Pb-RBA varied in a larger range, being 3.4-88 and 3.3-59% and averaging 42 and 28%, suggesting considerable variation in metal-RBA though the soils were contaminated with the same source (e.g., Pb/Zn ore mining/smelting). Our data are consistent with literature, with As-RBA being 2.7-81% (Basta et al., 2007; Bradham et al., 2011) , Cd-RBA being 10-94% (Schroder et al., 2003; Juhasz et al., 2010) , and Pb-RBA being 0.67-113% (Casteel et al., 2006; Smith et al., 2011) , suggesting the needs of site-specific measurements of metal-RBA to refine risk assessment for contaminated soils. Though metal-RBA was generally low for the soils, they would pose health risk due to high concentrations of As, Cd, and Pb up to 15,218, 62, and 12,237 mg kg −1 (Table 1 ).
The variation in metal-RBA among soils was explained by soil properties and metal fractionation. Overall, As-, Cd-, and Pb-RBA in the soils decreased with increasing metal concentrations ( Fig. 2A-C) . Excluding soil S10, soils S1-S7 with lower metal concentrations (28-585, 2.16-12.9, and 29-3006 mg kg −1 As, Cd, and Pb) showed higher As-RBA (12-23 vs. 2.5-5.9%), Cd-RBA (27-88 vs. 3-19%), and Pb-RBA (20-59 vs. 3-11%) than soils S8-S11 with higher metal concentrations (2513-15,218, 31.4-62.1, and 6470-12,237 mg kg −1 As, Cd, and Pb).
This was in contrast to our previous finding that for urban park soils Pb-RBA increased significantly with increasing total Pb concentration when Pb concentrations were < 100 mg kg −1 , followed by a plateau when soil Pb concentrations were > 100 mg kg −1 (Li et al., 2016a) . The inconsistence was due to different contamination sources between this study and Li et al. (2016a) . In this study, metals in soils contaminated by mining/smelting often exist as insoluble minerals such as arsenopyrite, chloropyromorphite and galena (Juhasz et al., 2014c) , while Pb in urban soils of Li et al. (2016a) mainly derived from coal combustion dust where Pb presents as more soluble species such as PbO and PbCl 2 (Shah et al., 2009 ). With increasing metal concentrations, more insoluble minerals were probably introduced into mining/smelting impacted soils, leading to decreased metal-RBA. This was supported by the high association of As (76-100%, 89%), Cd (20-91%, 53%), and Pb (5-93%, 52%) with the insoluble residual fraction (Fig. S4 ). Compared to Cd and Pb, As fractionation showed limited variation among soils. In addition, strong positive linear correlations were observed between Cd in the exchangeable and carbonate-associated fractions and Cd-RBA, and between Pb in the non-residual fraction and Pb-RBA (Fig. S5) . In addition to total metal concentrations, total Fe concentration was another variable accounting for metal-RBA variation. Excluding Cd-RBA for soil S10, strong linear correlations were observed between total Fe concentration with As-, Cd-, and Pb-RBA (R 2 = 0.46-0.77) (Fig. 2D-F) , suggesting that 46-77% of the variability in metal-RBA among soils was explained by total Fe concentration. The data were similar to Juhasz et al. (2007) showing that total As and Fe concentrations described 72% the variability of As-RBA in 12 contaminated soils, while Bradham et al. (2011) reported that total Fe accounted for 48% of the variability in As-RBA among 11 soils. The results suggested the importance of Fe in controlling metal-RBA in contaminated soils. In addition to total Fe, strong negative correlations were observed between metal-RBA and Al oxide contents (Fig. S6) , indicating Al oxide is another important drivers of metal-RBA in contaminated soils. The novelty of this study was that RBA of multiple metals in soils were measured concurrently using mouse bioassay based on liver plus kidney endpoints. Besides Denys et al. (2012) who measured As-, Cd-, and Pb-RBA for 16 soils using swine bioassay, existing studies reported Soil sample S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 Relative bioavailability values of As, Cd, and Pb in 11 contaminated soils from PbeZn ore mining areas, Hunan Province, China determined using a mouse bioassay (A-C) and comparison between As, Cd, and Pb (D).
X. Zhu, et al. Environment International 130 (2019) 104875 metal-RBA for individual metal though soils were co-contaminated (Juhasz et al., 2014a,b; Li et al., 2015b Li et al., , 2016c . Based on our data, Cd and Pb (3.4-88, mean 42% and 3.3-59, mean 28%) were more bioavailable than As (2.4-23, 12%) in soils impacted by mining/smelting activities (Fig. 1D) . This was similar to Denys et al. (2012) who reported As-RBA of 3-72% (19%), lower than Cd-and Pb-RBA of 12-89% (48%) and 8.3-96% (41%) in 16 contaminated soils using swine bioassay. Compared to Cd (53%) and Pb (52%), higher portions of As were associated with the residual fraction (89%) (Fig. S4 ), thereby leading to lower As-RBA in soils. Considering generally higher total Pb concentration than As and higher Pb-RBA than As-RBA (Table 1) , soil ingestion would be a more important contributor to Pb exposure for residents living near contaminated sites than As.
Metal bioaccessibility and correlation to in vivo data
In addition to RBA, As, Cd, and Pb bioaccessibility was assessed using the UBM-GP assay. Like RBA, As, Cd, and Pb bioaccessibility also varied considerably among the soils, ranging 0.79-18, 5.8-92, and 0.10-51%, respectively (Fig. 3A-C) . In general, metal bioaccessibility was lower in samples S8-S11 with higher total As, Cd, and Pb concentrations compared to soils S1-S7. In addition, like RBA, As bioaccessibility was lower than Cd and Pb (Fig. 3D) . The results are similar to previous study that As has lower bioaccessibility compared to Cd and Pb in soils contaminated via mining/smelting activities (Xia et al., 2016) .
To explore the suitability of the UBM assay in predicting metal-RBA in soils, in vitro-in vivo correlations (IVIVCs) were established between As-, Cd-, and Pb-RBA and corresponding in vitro bioaccessibility (IVBA) using the UBM-GP assay (Fig. 4) . Generally, the UBM assay showed X. Zhu, et al. Environment International 130 (2019) 104875 strong correlations with Cd-RBA (RBA = 1.00*IVBA − 7.21, R 2 = 0.81) and Pb-RBA (RBA = 0.84*IVBA + 7.77, R 2 = 0.79) for the 11 soils, meeting the IVIVC criteria of R 2 > 0.60, slope of best fit curve being 0.8-1.2, and y-intercept close to 0 (Wragg et al., 2011; Juhasz et al., 2013) . The data suggest the UBM-GP assay is good to predict both Cd-and Pb-RBA in contaminated soils. However, for As, due to narrow range of As-RBA and As bioaccessibility over 2.5-23 and 0.79-18%, poor IVIVC was observed (Fig. 4A) . However, excluding sample S5, strong correlation (RBA = 2.03*IVBA+3.40, R 2 = 0.52) was observed, though the slope at 2.03 was higher than 0.8-1.2 with R 2 < 0.6. The data suggested that though As-RBA and As bioaccessibility varied in narrow ranges, good As-IVIVCs was observed for the UBM-GP assay, suggesting its applicability to predict metal-RBA. This study increased our confidence to use the UBM-GP assay to estimate both As-, Cd-, and Pb-RBA in soils contaminated by mining/ smelting activities. Among studies that have established IVIVCs for the UBM-GP assay (Bradham et al., 2015; Juhasz et al., 2015) , Denys et al. (2012) was the only study that assessed the ability of the UBM assay in predicting RBA of multiple metals. This study further suggested that the UBM method with GP extraction alone was suitable to substitute the time-consuming and laborious in vivo model for predicting bioavailability of heavy metals.
Existing studies mainly focused on As-IVIVCs, with limited reports of Cd-and Pb-IVIVCs for the UBM assay. Based on paired metal bioaccessibility using the UBM-GP and metal-RBA data using mouse or swine model from literature, 61, 36, and 22 soils had been used to construct As-, Pb-, and Cd-IVIVCs (Tables S1-S3 ). To increase the robustness of using the UBM method to predict metal-RBA in contaminated soils, soils from literature were used to produce IVIVCs and compared to IVIVCs established using soils from this study (Fig. 5) . Our previous study has shown close agreements in As-RBA measured using swine and mouse models (Li et al., 2015b) , so it is reasonable to group metal-BRA obtained for soils using mice and swine and establish IVIVCs for the UBM-GP assay. Interestingly, there was little difference between As-, Cd-, Pb-IVIVCs established using soils from this study and those based on soils pooled from literature, suggesting the consistence of the UBM assay to predict As-, Cd-and Pb-RBA in contaminated soils. Since As-, Cd-, and Pb-IVIVCs were consistent between soils from this study and existing studies, new linear regression models were developed for As (RBA = 0.75*IVBA + 4.73, R 2 = 0.67, n = 72), Cd (RBA = 0.83*IVBA + 0.98, R 2 = 0.76, n = 31) and Pb (RBA = 0.79*IVBA + 6.72, R 2 = 0.77, n = 47) using grouped soils (Fig. S7) . The new IVIVCs were based on larger samples size (31-72 soils) than existing studies using 10-16 soils (Tables S1-S3 ). The grouped metal IVIVCs can be used to predict As-, Cd-, and Pb-RBA using the UBM-GP assay. In short, the present study determined As-, Cd-, and Pb-RBA in 11 soils contaminated via mining/smelting activities, ascertaining that UBM-GP assay was applicable to predict RBA of the 3 metals in contaminated soils. For future studies that aim to assess the health risk of multiple metals in soils from mining/smelting sites, the UBM-GP assay is recommended. However, more efforts to validate the assay are warranted to increases its acceptance to predict As-, Cd-, and Pb-RBA in contaminated soils. In addition, to simplify the UBM assay, obtaining bioaccessibility data from the GP extraction is promising. Further studies are required to understand the interactions of metals in human gastrointestinal tract to better assess the health risks using the UBM-GP assay. Fig. 3 . Bioaccessibility of As, Cd, and Pb in 11 contaminated soils from PbeZn ore mining areas, Hunan Province, China using the UBM gastric phase assay (A-C) and comparison between As, Cd, and Pb (D).
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